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ABSTRACT 
This thesis investigates how different distributed energy resources (DERs) impact 
the resilience operation of a holonic grid. The holonic grid consists of two or more 
connected microgrids and /or provisional microgrids (PMGs). The type of the DER, i.e., 
grid-forming or grid-following, affects the operations of the holonic grid, particularly 
during the islanded mode. To study this emerging and timely topic, a resilience-oriented 
holonic grid optimal operation model is proposed. This model carefully formulates the 
operations of both grid-forming and grid-following DERs. A variable value of lost load 
(VoLL) is further employed in the proposed model to help quantify and monetize the 
potential load curtailments, and accordingly, observe the holonic grid operation in response 
to various extreme external events. To evaluate the proposed model, two cases and multiple 
scenarios are performed on a sample holonic grid. The studied cases analyze the impact of 
microgrids energy exchange within the holonic grid, and scenarios take into account 
various resilience operations.  
 
  
iii 
 
TABLE OF CONTENTS 
 
 
Preliminary Materials  
Abstract ................................................................................................................... ii 
Nomenclature ...........................................................................................................x 
 
Chapter One: Introduction ...................................................................................................1 
1.1 Power System..................................................................................................1 
1.2 Distributed Energy Resources (DERs) ...........................................................3 
1.3 Grid-Forming and Grid-Following DERs .......................................................9 
1.4 Value of Lost Load (VoLL) ..........................................................................11 
1.5 Methods for Studying and Estimating VoLL................................................13 
1.5.1 Indirect Analysis Methods .....................................................................14 
1.5.2 Direct Analysis Methods .......................................................................15 
 
Chapter Two: Holonic Grids ..............................................................................................19 
2.1 Microgrids ...................................................................................................19 
2.2 Provisional Microgrids ................................................................................22 
2.3 Holonic Grids ..............................................................................................25 
 
Chapter Three: Resilience-Oriented Holonic Grids Optimal Operation............................30 
3.1 Problem Formulation ...................................................................................31 
 
Chapter Four: Numerical Simulations ...............................................................................36 
4.1 Case 1: Ignoring Internal Energy Storage ...................................................45 
4.2 Case 2: Interconnected Holonic Grids .........................................................49 
 
Chapter Five: Conclusion ..................................................................................................61 
5.1 Conclusion ...................................................................................................61 
5.2 Future Research ...........................................................................................62 
 
References ..........................................................................................................................63 
  
iv 
 
LIST OF FIGURES 
 
 
Chapter One  ....................................................................................................................... 1 
Figure 1.1: Conventional electrical power system ............................................ 1 
Figure 1.2: U.S. DER growth benchmark for 2015 to 2024.............................. 5 
Figure 1.3: Scope of IEEE Standard 1547......................................................... 6 
Figure 1.4: Relationship of interconnection terms ............................................ 6 
Figure 1.5: Coupled single converter .............................................................. 10 
Figure 1.6: Minimum total cost as the optimal point of reliability (Ropt) ...... 13 
 
Chapter Two ..................................................................................................................... 19 
Figure 2.1: A typical microgrid structure including loads and DERs units  
                    serviced by a distribution system .................................................. 20 
Figure 2.2: General architecture of a hierarchical microgrid control system .. 21 
Figure 2.3: Core actions of the provisional microgrid .................................... 23 
Figure 2.4: Elevating prosumers to provisional microgrid model during  
grid-connected and islanded operation modes .............................. 24 
Figure 2.5: Holonic system structure............................................................... 27 
 
Chapter Four ..................................................................................................................... 36 
Figure 4.1: Studied holonic grids system Case 1 ............................................ 37  
Figure 4.2: Comparison between the nondispatchable power generations and  
                    fixed loads for the aggregated system ........................................... 40 
Figure 4.3: (VoLL) with respect of outage duration ....................................... 45 
Figure 4.4: Operation Cost for Case Study 1 .................................................. 46 
Figure 4.5: Case 1 load curtailments for all scenarios..................................... 47 
Figure 4.6: Case 1 load curtailment costs for all scenarios ............................. 49  
Figure 4.7: Studied holonic grids system Case 2 ............................................ 50  
Figure 4.8: Operations costs for Case 2 ........................................................... 52  
Figure 4.9: Case 2 load curtailments ............................................................... 53 
Figure 4.10. Case 2 load curtailments cost ........................................................ 55 
Figure 4.11. Holonic grid optimal decision, Scenario 1 and first possibility .... 56 
Figure 4.12. Holonic grid optimal decision, Scenario 2 and first possibility .... 56 
Figure 4.13. Holonic grid optimal decision, Scenario 6 and first possibility .... 57 
Figure 4.14. Load curtailment in Case 1 and Case 2 ......................................... 59  
Figure 4.15. Load curtailment cost in Case 1 and Case 2 ................................. 60  
  
v 
 
LIST OF TABLES 
Chapter One ........................................................................................................................ 1 
Table 1.1. Examples for grid-forming and grid-following DERs .......................... 9 
Table 1.2: Classification of the control systems of DERs ................................... 10 
 
Chapter Four ..................................................................................................................... 36 
Table 4.1. Dispatchable units ............................................................................... 38 
Table 4.2: Nondispatchable Units Generation (MW) .......................................... 39 
Table 4.3. BESS characteristics ........................................................................... 40 
Table 4.4: Adjustable loads .................................................................................. 41 
Table 4.5: Total fixed loads (MW) ...................................................................... 42 
Table 4.6: Scenarios and hours for 12 hours of islanding mode .......................... 43 
Table 4.7:  Used value of lost load (VoLL) .......................................................... 44   
Table 4.8: Operation cost for Case 2 all scenarios  .............................................. 51 
Table 4.9. Comparison of Case 1 and Case 2 ...................................................... 58 
 
 
 
 
 
 
 
  
vi 
 
NOMENCLATURE 
Indices: 
 
ch Index for the BESS charging mode. 
dch Index for the BESS discharging mode. 
d Index for loads. 
i Index for DERs. 
s Index for scenarios. 
t Index for hour. 
m,n Index for Microgrids and Provisional Microgrids. 
 
Sets: 
 
DA Set of adjustable loads. 
G Set of dispatchable units. 
K Set of islanded operation scenarios. 
M Set of all microgrids. 
MC Set of coupled microgrids. 
MP Set of provisional microgrids. 
R Set of all DERs. 
S Set of energy storage system. 
T Set of time periods. 
 
Parameters: 
 
F(.) Generation cost of dispatchable DERs. 
DR Ramp down rate. 
DT Minimum down time. 
E Load total required energy. 
MC Minimum charging time. 
MD Minimum discharging time. 
MU Minimum operating time. 
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U System interconnection mode (0 when no connection, 1 with connection). 
UR Ramp up rate. 
UT Minimum up time. 
λ Local power exchange price. 
α,β Specified start and end times of adjustable loads. 
η BESS efficiency. 
  Value of lost load. 
 
Variables: 
 
C Energy storage available energy. 
D Load demand. 
I Commitment state of dispatchable units. 
LS Load curtailment. 
P DER output power. 
PG Local power exchange. 
SD Shut down cost. 
SU Startup cost. 
Tch Number of successive charging hours.  
Tdch Number of successive discharging hours.  
Ton Number of successive ON hours. 
Toff Number of successive OFF hours. 
τ Time period. 
s Energy storage discharging state (1 discharging, 0 charging). 
t Energy storage charging state (1 charging, 0 discharging). 
u Local Power exchange state (1 power exchange, 0 no power exchange). 
z Adjustable load state
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CHAPTER ONE: INTRODUCTION 
1.1. Power System 
The primary objective of electric utility companies is to ensure low-cost, secure, 
and reliable supply of electricity to consumers [1]. To successfully meet this objective, 
the electric utilities must overcome existing and emerging challenges, including but not 
limited to integration of new source of load and generation, as well as common 
component failures [2]. Any failure in one part of the grid will affect the entire power 
system. The existing power grid is extremely vulnerable to cascaded outages. These 
failures can potentially occur so quickly that operators have no time to take preventive 
action.  
 
 
Figure 1.1.  Conventional electrical power system 
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Efficiency is another major concern in power systems. The existing systems are 
subject to considerable energy loss, which refers to the energy lost during transmission 
and distribution of electricity and has averaged over 5% in 2014 through 2018 in the 
United States [3]. This is a large number considering the cost of electricity generation. 
These factors support the need to update the components and design of the conventional 
grid [4]. On a positive note, the utility industry has been moving toward transitioning 
from the current grid to a smart grid, which is an intelligent grid that offers higher levels 
of communication and information exchange. These changes will support a grid with full 
visibility to monitor and control an integrated system. Some of these challenges arise in 
the distribution sector, where consumers are located. The ability to obtain feedback 
almost instantaneously from this important sector is both critical and useful. However, to 
get such real-time feedback, it is necessary to build and improve the IT system, 
communications, and grid infrastructure. Such improvements require the development of 
applications to support two-way communication between the utility and the consumer, 
which starts with the strategic implementation of distributed control and monitoring 
systems within the current grid.  
Renewable energy is another challenging issue in power systems, despite what a 
promising energy source it is. The smart grid concept can play a huge role in 
incorporating different forms of renewable energy into the grid and using them as the 
primary power source [2]. One such aspect of smart grids, which creates a balanced 
approach to power distribution, is the holonic distribution system. Such a system can 
address various challenges that conventional power system have [5][6]. In such systems, 
a self-contained microgrid (the holon) remains independent while still being successfully 
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integrated into the larger system (super holon), that is comprised of similarly self-
contained microgrids. 
1.2.  Distributed Energy Resources (DERs) 
There is no universal definition for distributed energy resources (DERs), as each 
organization has developed its own definition of the concept. The following are the most 
widely used of these definitions: 
1. The Institute of Electrical and Electronics Engineers (IEEE) defines DERs as the 
generation of electricity by facilities that are sufficiently smaller than central 
generating plants as to allow interconnection at nearly any point in power system 
[7]. The IEEE also defines DERs in the context of IEEE Std. 1547 as, a source of 
electric power that is not directly connected to a bulk power system. Distributed 
energy resources include both generators and energy storage technologies capable 
of exporting active power to an electric power system. An interconnection system 
or a supplemental DER device that is necessary for compliance with this standard 
is part of a DER [8]. 
2. The National Renewable Energy Laboratory (NREL) and the Federal Energy 
Management Program (FEMP) created this definition:  Distributed energy 
resources are small, modular, energy generation and storage technologies that 
provide electric capacity or energy where you need it. Typically producing less 
than 10 megawatts (MW) of power, DER systems can usually be sized to meet 
your particular needs and installed on site. [9][10]  
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3. Another definition of DERs is that of the International Energy Agency (IEA), 
which is a generating plant serving a customer on-site or providing support to a 
distribution network, connected to grid at distribution-level voltages [7][11]. 
4. The definition of the Advanced Energy Economy Institute (AEE) is:  
DERs are physical and virtual assets that are deployed across the distribution grid 
typically close to load, and usually behind the meter that can be used individually 
or in aggregate to provide value to the grid, individual customers, or both [12]. 
As is clear from the above, DERs are a power source that produce energy by 
converting fuel energy (e.g., gasoline, diesel, or gas), renewable energy (e.g., wind or 
solar), or stored energy (e.g., battery or pumped-storage), into electricity for use when 
there is need. They are also by definition located in proximity to the load and, most of the 
time, they are behind the meter. Moreover, DERs have the capability of connecting to the 
grid. DERs can supply power directly to loads and if there is any extra power, DERs have 
the ability to export it to the grid. However, not just any power source that serves as an 
emergency or standby generator can be considered a DER, because such standby power 
generators are not intended to parallel with the grid. Nowadays, DERs are more 
affordable and readily available to buy and install almost anywhere. 
Given the full dependence on electricity these days, almost all consumers types 
(e.g., industrial, commercial, and residential) are unwilling to tolerate even a few minutes 
of interruption to their electrical power supply. With this increased consumer need, it is 
necessary to identify and ensure that there are resilient and reliable energy sources. This 
makes DERs even more attractive, given their affordability and ease of installation, 
which are only expected to improve in the near future. 
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Figure 1.2.  U.S. DER growth benchmark for 2015 to 2024. Source: Navigant analysis 
referenced in FERC Staff Report 2018. 
 
With the increased need for and use of DERs, it is important for utilities and 
regulators to consider how to integrate DERs into existing utility infrastructure [13]. 
The IEEE established Std. 1547 to regulate the space of DERs and to set roles and 
standards for the interconnection and interoperability of DERs with associated electrical 
power systems interfaces. This standard provides requirements relevant to performance, 
operation, testing, safety considerations, and maintenance of interconnection [8]. The 
establishment of such standards helps to clarify and identify how and where to install and 
connect DERs within the electric power system. 
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Figure 1.3.  Scope of IEEE Standard 1547. Source: IEEE Std 1547-2018. 
 
 
Figure 1.4.  Relationship of interconnection terms. Source: IEEE Std 1547-2018. 
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Clearly, to become a successful component of a power system, DERs have to be 
integrated with the system. Whether that system is the main power grid or a microgrid 
(MG), DERs require a control system that ensures the integration is properly 
implemented in the system. Specifically, DERs have two operational modes. The first of 
these refers to those times when there is power from the main grid. In this mode, the DER 
can share its output with its own load(s) and with other main grid loads. The control 
system maintains the power flow in all directions (import/export) and at the same time 
finds the optimal power distribution, which is usually driven by whatever has the optimal 
economic benefit as well as best supports system resilience. The second mode, “islanded 
mode,” is when there is no power from the main grid. In this mode, the control system 
maintains power delivery from the DER to the load(s) as consistently as possible to avoid 
any load curtailment [14].     
There are also two categories of DERs, dispatchable and non-dispatchable. A 
dispatchable DER is an energy power source that can produce electricity to meet the load 
demand that can be turned on or off based on demand. Dispatchable DERs have the 
ability to ramp up and ramp down based on demand; and, their dispatch time can vary 
from short (seconds), medium (minutes), to long (hours or days). An example of a short 
dispatch DER is energy storage, such as batteries and supercapacitors. Gas turbines and 
fuel generators are a medium dispatchable DERs. There are many uses for dispatchable 
DERs, the most important being load and peak matching. Because of their potential to 
vary output, these types of DERs can supply and cover the changing of loads throughout 
the day.  
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Conversely, a non-dispatchable DER is an energy power source that cannot 
always produce electricity [15]. Non-dispatchable DERs, such as photovoltaic (PV) and 
wind, depend on whether there is sunshine or wind. For example, on a sunny day solar 
panels produce electricity, but once the sun goes down, there is no more electricity 
generation. 
The location of DERs is very important as they have to be located near to loads. 
Correctly locating DERs ensures the provision of power to loads without creating any 
line congestion. This will enhance the voltage profile and greatly reduce line losses. 
However, if DERs are misallocated and have much capacity than the aggregated system 
loads needed that may cause reverse power flows, greater line losses, and voltage surge 
that could cause damages [16].  
DERs have many advantages, but the drawbacks to using them that currently exist 
must be carefully considered. Increasing reliability and resilience is the most important 
contributions DERs can make. Moreover, DERs can reduce peak demand and supply 
loads during power outages at the main grid [14]. On the other hand, because DERs must 
be located close to loads, other problems can arise, including issues with voltage 
regulation mostly overvoltage the system. Moreover, DERs could impact the electrical 
power system protection. Since the conventional electrical power system flows in one 
direction, any DER fault can increase the short circuit current in a way most surpass 
circuit breaker are not designed to handle. Similarly, DERs power output can cause a 
reduction in the current of the feeder from the substation, which may cause sensitivity 
decrease in the protection relies. Additionally, DERs may inject harmonics into the 
system that could impact the main grid’s management of reactive power [7]. 
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1.3  Grid-Forming and Grid-Following DERs 
DERs can be categorize into two types of grid-forming and grid-following. A 
grid-forming DER can be a voltage regulation and works like a slack bus. Moreover, 
GFM DERs can control their frequency output, this gives them the ability to support the 
frequency of the system as well as supply the load(s). In other words, grid-forming DERs 
can work as a voltage source that keeps the system frequency and voltage at acceptable 
values when the power system is in an islanded mode [17][18]. Grid-following DERs 
have to follow the system voltage that controls their output to supply the local load. The 
frequency of this type of DER is reliant on the system frequency, which means that if the 
grid-following DER is the only power source for the system, the system will have no 
power supply from that grid-following DER when it is in islanded mode [19]. Grid-
forming are dispatchable DERs with fast response and adequate capacity. In contrast, 
grid-following are non-dispatchable DERs that conduct power injection and operate as 
negative loads within the system.  
Table 1.1. Examples for grid-forming and grid-following DERs  
DERs Example 
Grid-forming  
Gas Turbine Generators, Combined Heat and Power (CHP) 
Fuel (Diesel) Generators 
Energy Storage Systems (ESS) 
Grid-following  
Wind Turbine 
Solar Photovoltaic 
Note. Source [20]. 
 
 There are specific control methods for each type of DER. Through the use of a 
power electronics converter interface, grid-forming DERs use voltage-source inverter 
(VSI), to provide a frequency and voltage reference when the DER is in islanded mode. 
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Grid-following DERs use the current source inverter (CSI), when the DER is in grid-
connected mode. Since grid-following DERs cannot be a power source for the system 
when in islanded mode, a single converter can be used and coupled with a grid-following 
DER. That DER will change from being a grid-following to be a grid-forming DER with 
the integration of an energy storage system (ESS). More important, the integrated ESS 
has to have the right appropriate capacity for the grid-following DER [21].  
 
Figure 1.5.  Coupled single converter. Source [20]. 
 
The integrate DERs units are categorize as a conventional DERs and power 
electronics (PE) coupled DERs. Table below shows that DER control systems are 
classified as grid-following and grid-forming [22].  
Table 1.2.  Classification of the control systems of DERs 
 
Grid-following Control Grid-forming Control 
Non-interactive 
control 
Power Injection (Wind turbine, 
Solar PV) 
Voltage and Frequency Control 
Interactive 
control 
Real and Reactive Power 
Dispatch Control 
Load Sharing (Battery Storage, 
Natural-Gas Turbine) 
  
DERs that have grid-forming control can be used to keep the microgrid frequency 
and voltage at a certain point taking the role of the swing bus in microgrid. To achieve 
this, it must have suitable real, reactive, and reserve power. When DERs have grid-
Prime 
Mover
DC-AC
AC-DC
or
DC-DC
Energy 
storage
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following control, this can be used to maintain their real and reactive power dispatch. 
DER units with grid-forming control act as the swing bus in microgrids and should have 
suitable real, reactive, and reserve power capacity. These DERs have to have fast 
response and the ability to control microgrid frequency and voltage. When DERs using 
these kinds of control system they can either work with other microgrid units (interactive 
control) or they can work individually (non-interactive control). Dispatchable DERs 
which follow the set points determined by their controllers can cooperate with any other 
DERs in their system when an interactive grid-forming control system is used [22]. 
When DERs are not needed to directly control the microgrid frequency and 
voltage, the grid-following control system is used. This control system can keep the real 
and reactive power output of DERs within allowable limits. The frequency and voltage in 
this case are then regulated by other DERs in the microgrid. To maximize the output 
power for the non-dispatchable DERs, like photovoltaic (PV) with maximum power point 
tracking (MPPT) or wind turbine, the non-interactive control system is employed to help 
improve and maximize the output power.  
1.4. Value of Lost Load (VoLL) 
Electricity is provided in most developed countries with a high degree of 
reliability. However, there are still infrequent and limited power outages. Any power 
outage has major social and economic impacts. Even with networks that have high 
reliability and resiliency, outages cannot be avoided [23]. To keep any power supply 
system functioning with no outages and 100% security would be exorbitantly expensive 
and as such is not economically feasible [24]. Maintaining a high margin of security is a 
top priority for utilities and power generation providers to keep consumers connected 
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with consistent and reliable electricity. Yet, it is not recommended or even constructive to 
build new independent grids through which consumers are connected to a single power 
provider. However, an aggregated grid that connects all consumers with all power 
generation providers creates a market mechanism that can achieve an optimal reliability 
point for consumers. Because of this, regulators and policy makers establish regulations 
on optimal supply reliability [25]. Building and developing more grids so a system can 
have a high and reliable level of electricity supply requires a greater capital investment by 
utilities and necessitates that the cost be passed along to consumers; such higher costs are 
often more than consumers are willing to pay (WTP). On the other hand, building and 
developing too few grids for a system will make that system unreliable and cause 
instability in the power supply; this means more outages than consumers are willing to 
accept (WTA). Neither over- nor under-building a system is acceptable to consumers or 
power generation providers [26].  
To find the optimal point or value that balances the benefit to both consumers and 
power generation providers, value-based reliability cost-benefit techniques are used (see 
Figure 1.6). Total costs include all costs a utility must expend to build the system plus the 
total costs of an outage to consumers. Consumer Outage Costs and the Value of Lost 
Load (VoLL) are different terms for essentially the same concept [27].  
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Figure 1.6.  Minimum total cost as the optimal point of reliability. Source [28]. 
Determining VoLL is important to calculate the system operation cost. VoLL, 
which is presented in Dollar per megawatt hour ($/MWh), provides a figure of how much 
consumers in a particular system are willing to pay for reliable electricity service [29]. To 
determine VoLL, a number of factors are considered, including: (a) type of consumer 
affected, (b) regional economic conditions, (c) time and duration of outage, and other 
similarly critical issues. This analysis also requires a full and detailed survey of end user 
consumers to obtain an accurate estimate of VoLL. Such a survey should measure 
consumer willingness to pay to avoid an outage as well as the impacts and costs of 
outages [24]. 
1.5. Methods for Studying and Estimating VoLL [30] 
A variety of techniques are used to study and estimate VoLL, some of which are 
considered Indirect Analytical Methods. These are methods that use economic variables 
as parameters for estimating how much consumer outages cost in a particular 
demographic area. Indirect analytical methods are affected by economic variables, such 
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as the density of the population in the service area and average income. Other techniques 
for such analysis are Direct Analytical Methods, which measure and consider the direct 
impacts of outages to consumers.  
1.5.1. Indirect Analytical Methods. 
1.5.1.1. Electric Tariffs Method. One example of indirect analytical method 
involves consideration of electrical utility tariffs, which are a group of charges that are 
combined to calculate the total electricity bill to the consumer. These charges include not 
just the standard charges for usage but additional charges that might be levied, such as 
premiums charged for usage when overall demand is high. This method aids in 
determining the value to consumers of service reliability. So, for example, certain 
consumers might be willing to pay higher rates for greater reliability of electricity 
delivery to avoid costly measures such as buying and installing backup generators. 
However, if the utility fails to provide reliable service or too often triggers brownouts 
(very short shut-downs necessary to prevent a more serious blackout that still might cause 
damage or great inconvenience), this means their customers will have no reliable service, 
and might then invest in backup generators rather than being willing to accept higher 
rates. 
1.5.1.2. Production Function Method. This method relies on certain gross 
economic factors, such as gross domestic product (GDP), to calculate the cost of outages. 
It is considered a very simple method for determining (VoLL) because the data needed 
for it is easily obtained. This method is very useful when the customer base is 
commercial and/or industrial, because such customers have clear impact when outages 
occur during their business hours. Conversely, it’s more difficult to calculate impact 
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when the consumers are residential because outage impacts are much more variable for 
these types of customers; and, quantifying what is called the Value of Foregone Leisure 
for residential customers is very subjective. 
1.5.1.3. Conjoint Analysis. This method is one that employs consumer survey to 
determine (VoLL). Specifically, this survey questions consumers not on just one outage 
scenario but on multiple outage scenarios and asks respondents to rate the impact of each 
scenario in terms of the severity/cost of the impact as it relates to the other offered 
scenarios. In this survey, the consumer is asked to indicate the “trade-offs” – the relative 
importance of different aspects of the different outage scenarios – to give the utility an 
idea of what factors are more or less important when it comes to an outage. These factors 
would include issues such as: (a) time of day; (b) environmental factors (outside extreme 
heat or cold that might result in very negative health impacts should power go out); and, 
(c) length of outage, such as whether consumers would find multiple brownouts lasting 
only a few minutes each but occurring repeatedly over a certain time period more or less 
acceptable than a single blackout lasting a full 24-hour period. By obtaining a ranking of 
outage preference from consumers, utilities can gather useful data for determining 
(VoLL) to support their decision-making processes. 
1.5.2. Direct Analytical Methods 
1.5.2.1. Consumer Survey Method. By far the most commonly employed 
method for determining (VoLL) is the consumer survey method, which is also considered 
the most accurate method for outage cost estimation. This method is utilized as part of a 
specific plan on the part of the utility, such as expanding a facility or recalculating rates, 
to obtain an estimate of the costs associated with an outage. Determination of indirect 
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costs is often incomplete, because clearly identifying such expenses may be subjective, 
particularly when attempting to quantify the cost to residential customers. This process is 
simplified by obtaining data directly from the consumer through this method. When such 
a survey is undertaken, it is important to survey each distinct sector or consumer type 
(e.g., commercial, residential, agricultural), separately so as to account for each sector’s 
unique power usage levels, peak demand times, and responses/attitudes to outages and 
outage-related costs.  
However, this method does have some limitations, the first being that it can be 
expensive. Additionally, the survey instrument must be very carefully constructed with 
objective, unbiased questions. The survey must be distributed in a way so that the largest 
percentage possible of the contacted parties will be able to successfully and easily 
participate. This means that it is necessary that the utility makes the survey instrument 
available in a diversity of formats to allow each potential respondent the greatest ease of 
participation. The study sample, the individuals chosen to be sent the survey, must also 
be determined so that a representative group of respondents are contacted, resulting in 
strongly relevant and representative responses that the utility can use to make informed 
decisions on how to proceed. Finally, since – hopefully – major outages are uncommon 
and memories of specific experiences might be short, it is recommended that such 
surveys include questions that reference both actual outages that have occurred in the 
respondent’s experience as well as how the individual respondent views the impacts and 
costs associated with hypothetical outage scenarios. 
1.5.2.2. Blackout Cost Evaluation Method. This analysis type involves the 
study of blackout-related costs, following the event. While very effective in some 
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scenarios, this method is limited in that it is really only useful when a blackout is lengthy 
and occurs in a large, urban (or otherwise densely populated) area. However, when these 
conditions are present, the data that can be gathered is often extremely useful for 
calculating very accurate total costs of an event. 
1.5.2.3. Willingness-to-Pay (WTP)/ Willingness-to-Accept (WTA). Although 
these two direct method factors are independent of each other, they are related. In (WTP), 
customers are asked to indicate the maximum they are willing to pay for the utility to take 
all necessary steps to avoid an outage scenario. Similarly, (WTA) asks consumers to 
indicate what level of compensation, should an outage occur and incur costs to users, 
would they deem sufficient to offset the impact of an outage. Both of these factors are 
theorized to correspond with the reliability of electricity delivery, although typically 
(WTA) is generally much larger than (WTP) in the real world. When employing this 
method, (WTP) and (WTA) are used as the upper and lower boundaries for (VoLL). 
1.5.2.4. Preparatory Action Method. Because direct survey method has certain 
limitations, utilities might also consider surveying consumers regarding what actions they 
might take should they have ample advance notice that an outage might occur. Surveying 
regarding such a hypothetical scenario allows consumers, and by extension utilities, to 
generate data on specific, well-considered expenses the consumer with appropriate notice 
might consider reasonable to prepare for an outage and/or offset the impact of an outage. 
Such costs might include small expenditures such as batteries and candles, as well as 
more expensive outlays for items such as backup generators. The main limitation of this 
survey type is that there might be a wide range of affluence in the consumer base of a 
given utility. Meaning, some utility customers might have the ability to expend a great 
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deal of money in preparation for an outage to avoid impact, but other consumers might 
only have the ability to buy low cost items such as batteries and candles, which might 
mean they would experience greater negative impact during the outage, despite having 
received the same ample notification that the outage would occur. These factors make it 
difficult to obtain a correct range of consumer impact for an outage. 
  
19 
 
 
 
 
CHAPTER TWO: HOLONIC GRIDS 
 
2.1. Microgrids 
A microgrid (MG) is a small connected power system that contains loads and 
DERs. The microgrid is able to supply its own loads (critical loads) for a certain time 
without importing power from the main grid. The U.S. Department of Energy (DOE) 
defines a microgrid as: 
A group of interconnected loads and distributed energy resources (DERs) 
within clearly defined electrical boundaries that acts as a single 
controllable entity with respect to the grid. A microgrid can connect and 
disconnect from the grid to enable it to operate in both grid-connected or 
island mode. [31] 
From this DOE definition, a microgrid has to have loads and power generations source 
that are connected via a controllable system. Microgrids have the ability to increase 
power reliability and enhance power quality for the whole system. Furthermore, 
microgrids can improve power system efficiency by keeping energy generation near to 
the consumer and by reducing power loss as well as eliminating the need and related 
costs of building new transmission lines. Particularly in light of the fact that transmission 
systems are becoming more congested and are vulnerable to failure in extreme weather, 
microgrids have become a very desirable alternative [32].  
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Figure 2.1.  A typical microgrid structure including loads and DERs units serviced by a 
distribution system. Source [40]. 
The microgrid concept is not something new. In fact, when electricity was first 
made available commercially in 1882, the means of generation were installed next to 
loads [33][34]. This simple system (produce next to consume) was not efficient or 
environmentally friendly because of the pollution the generators produced due to the 
reliance on fossil fuels. With the present-day availability of renewable energy resources, 
it is time to revisit the microgrid concept of produce next to consume [35]. Community 
microgrids are a positive solution for a number of modern concerns and needs, including: 
(a) consumers want more power reliability and quality; (b) the unprecedented 
proliferation of intermittent renewable distribution generations; (c) need for high 
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reliability and/or premium power demand from commercial and industrial consumers; 
and, (d) more flexible power delivery to consumers [36]. 
Microgrid control systems have three tiers. The first of these is the primary 
control level, which employs droop control to share the load using DERs. At the 
secondary control level, corrective actions are performed to mitigate steady-state errors 
introduced by the droop control. Finally, the tertiary control level which ensures the 
optimal dispatch of DERs in the microgrid and manages the power flow between the 
microgrids and the power provider to optimize grid-connected at islanded operation 
modes [37] [38]. Microgrid is interconnected with a utility grid or with other microgrids 
via point of common coupling (PCC). The microgrid’s (PCC) allows power to be 
transferred to either utility grid, other microgrids, or both [39]. 
  
Figure 2.2.  General architecture of a hierarchical microgrid control system. Source [38]. 
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  When microgrids need support for real and reactive power, dispatchable DERs 
must be used. Power dispatch and support of real and reactive power strategies are used 
for output power control of DER units that can be dispatchable by using prespecified 
reference numbers for real and reactive power dispatch compensation. The grid-forming 
control strategy focuses on a swing bus source. This helps to locally control the 
frequency and voltage of the units. Power Management Strategy (PMS) and Power 
Energy Strategy (PES) are used when the microgrid have more than two DERs. Fast 
response of PMS and EMS is very important for any microgrid as compared to that of 
conventional grids or for multiple reasons. First, the existence of multiple DERs with 
different power capacities. Second, the potential for there to be no dominant source of 
energy generation during an autonomous mode. Finally, fast response of DERs that have 
been coupled electronically can badly affect the stability of voltage/angle when proper 
provisions are not in place. The PMS and EMS assign reactive and real power back to 
DERs to share active and reactive power through DERs, find out the DERs power set 
point and resynchronization with the grid [40]. 
2.2. Provisional Microgrids 
As previously described, a microgrid must include all of the following:  
interconnected loads, DERs, clear electrical boundaries, work under one control system, 
ability to operate in grid-connected or islanded modes, and function to supply its own 
loads in islanded mode. A provisional microgrid is a new category of microgrids that 
possesses most of microgrid characteristics but does not have the capability to supply all 
its own loads in islanded mode. To be able to fully function in islanded mode, provisional 
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microgrids have to be connected to a microgrid. This kind of connection is termed 
“coupled microgrids” [41].  
Figure 2.3.  Core actions of the provisional microgrid. Source [41]. 
The main purpose of a provisional microgrid is to remove the islanded mode 
operation requirement that requires most of the times dispatchable DERs. Provisional 
microgrids could make it easier to install and use renewable DERs without needing the 
islanded mode operation requirement. When there is an islanded mode, the provisional 
microgrid can then rely on the microgrid to which it is coupled. This increases the 
reliability, environmental, and economic benefits of the system. However, the coupled 
microgrid may use all its own generation to supply its own loads. That limits the use of 
the provisional microgrid to only highly sensitive and critical load types. If there is not 
enough power exchange from the coupled microgrid, the provisional microgrid will 
curtail some loads to keep load-supply balanced [41]. By planning the right provisional 
microgrid model, it is possible to: (a) increase the use of renewable DERs; (b) obtain 
greater economic benefit because employing provisional microgrids is potentially less 
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expensive; and, (c) the need to improve distribution network flexibility is reduced or even 
eliminated [42]. 
Prosumer whom are both electricity consumers and have sources that produce 
electricity from their own generation units can be elevated to be a provisional microgrid. 
[43]. Most prosumer generation units are renewable energy sources. The population of 
prosumers is increasing rapidly around the world, in part because of the economic 
benefits and the power reliability they can get from installing DERs. However, because 
most prosumers are using renewable DERs which have intermittency generation, 
prosumers experience load curtailments when there is an islanded mode. By elevating 
prosumers to a provisional microgrid, given that this kind of elevation costs much less 
than building a microgrid, the existing economic benefits are maintained while also 
increasing system reliability.  
 
Figure 2.4.  Elevating prosumers to provisional microgrid model during grid-connected 
and islanded operation modes. Source [43]. 
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2.3. Holonic Grids 
There are numerous advantages to integrating microgrids, including: the enhanced 
economic benefit; increased system resiliency and reliability; better and more complete 
utilization of installed distributed energy resources (DERs); and, the ability to expand and 
promote the use of renewable energy resources [44][45]. When pursuing implementation 
of such systems, it is critical to determine a management approach that ensures the 
highest achievable return to capitalize on each of these benefits. For example, there are 
security implications to consider if control of the operation is centralized. Conversely, 
present types of distributed systems have certain drawbacks in terms of their ability to 
evolve with the current trend toward smart grids, where the isolated nature of such 
systems might be considered inconsistent with the high-functioning communications 
necessary to create a “smart” system [5][46]. For these reasons, it is necessary to develop 
a more balanced approach – one that incorporates the best aspects of an integrated 
microgrid, so as to achieve successful transition to smart grids and to address the diverse 
issues created by the movement toward renewable energy generation. 
One such balanced approach in power distribution grids, is the holonic 
distribution system, which can address the various challenges mentioned above [47]. In 
such systems, the self-contained microgrid (the holon) remains independent while still 
being successfully integrated into the larger system (super holon), that is comprised of 
similarly self-contained microgrids. In holonic distribution grids, each holon adapts 
within a static framework and its behavior is prescribed by a supervisory controller [48]. 
Therefore, in such distribution grids, the autonomy of the individual systems is 
maintained. Furthermore, it is not just expected but necessary that holonic distribution 
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grids be an essential component of accommodating increasingly popular smart grids, due 
to their superior flexibility in: (a) supporting information and power interactions among 
holons; (b) optimizing the performance of aggregated systems due to their expanded 
ability for dynamic reconfiguration; (c) their compatibility with managing increasingly 
diverse energy resources, autonomous systems, and integrated systems’ connectivity; 
and, (d) providing a framework that balances the requirements of individual microgrids 
with those of aggregated systems.  
Furthermore, clustering holons in a holonic distribution grid can be used to create 
super-holons (aggregated holons), for enhancing individual- and aggregated-system 
objectives. Of note in regard to the flexibility of these systems, is that they create the 
ability for reconfiguration to best optimize production and delivery [49]. However, the 
literature on holonic architecture is sparse and the topic is only beginning to be examined 
by researchers in the field. A 2013 study [50] presented a holonic control architecture 
system developed to address such aspects of evolving energy systems, such as the 
increased reliance on renewable energy generation. This work by Negeri et al. proposed 
an architecture comprised of multiple autonomous prosumers, which are recursively 
interconnected at various aggregation layers, and that incorporates a bottom-up 
organization. In addition, this proposal includes a service-oriented architecture (SOA) 
framework to control the system. In a paper presented in 2013, Frey et al. [51] presented 
a holonic control architecture specifically for a “Heterogenous Multi-Objective Smart 
Micro-Grid,” where challenges presented by diverse and renewable energy sources are 
addressed through the use of decentralized control, at both the macro- and micro-levels. 
This holonic architecture system is examined through the lens of proof-of-concept 
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implementation with the integration of basic control solutions. Pahwa et al. [52] focused 
on methods to address the proliferation of roof-top solar installations in their 2015 article 
that proposed a goal-based holonic multi-agent system. As noted in this article, on-site 
solar systems experience fluctuations that must be addressed smoothly by the system to 
which the microgrid (holon) is connected, to avoid negative impact to the customer. This 
work supports operation of power distribution systems as cyber-physical systems (CPS). 
Two vital aspects of power distribution systems are addressed through the researchers’ 
model, which includes a state estimator for the system and on-site reactive control 
through the use of on-site smart meters and rooftop reactive power control. 
 
Figure 2.5.  Holonic system structure 
  A Holonic Multi-agent System Architecture designed to accommodate the varied 
needs of the present-day is proposed in[53]. This system addresses a diversity of factors -
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- including on-site renewable systems that are connected to the grid; smart meters; battery 
storage; and the need for performance optimization -- through adaptive control of the 
distribution grids. The proposed architecture also incorporates the need for islanding 
capability in distributed systems during outages. With a focus on smart grids, Florea et al. 
[54] presented a fractal model for organization that incorporates holonic concepts to 
power grids comprised of distributed microgrids. As with other studies described here, a 
bottom-up approach to management is proposed, to allow multiple layer aggregation 
while maintaining autonomy by enabling the local management of the installed resources. 
Another study [55] emphasized the need for control strategies that address the unique 
characteristics of holonic energy systems. As moving further into the 21st century, such 
systems will only become more popular as they better address the requirements of the 
types of decentralized systems that renewable energy generation often involves. The 
researchers’ proposed holonic structure includes a triad of holons – resource, energy, and 
service. In addition, it incorporated a multi-criteria decision method to control the system 
components. The study in [49] presents an optimal scheduling model of integrated 
microgrids in holonic distribution grids, where the proposed model is capable of 
identifying the optimal network topology that minimizes holon-specific and system-wide 
operation costs and maximizes overall system reliability. This model employed mixed-
integer programming and numeric simulation via a holonic distribution grid test system 
comprised of multiple microgrids. 
There is also another new approach that has the potential to make holonic grid 
transactions more efficient, secure, and fast. Blockchain is an organized distributed 
database that can be shared between all distributed network devices to create such a 
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system [56]. It shares data ledgers and/or records that have the ability to store 
transactions securely with no need for a central point of authority for intervention. 
Moreover, blockchain makes it possible to complete peer-to-peer transactions 
automatically in holonic grids [57]. 
 
 
 
  
30 
 
 
 
 
 
 
CHAPTER THREE: RESILIENCE-ORIENTED HOLONIC GRID OPTIMAL 
OPERATION 
The model proposed in this thesis investigates the impact of grid-forming and 
grid-following DERs on the resilience of holonic grid operations. The model measures 
how grid-forming and grid-following DERs improve or deteriorate load curtailment and 
the operation cost for such aggregated system. The objective of this model is to minimize 
aggregated operations costs and load curtailments of holonic grid systems. Additionally, 
the model identifies the optimum interconnection among holonic grids that ensures the 
achievement of the minimum operations cost and greatest possible reduction in load 
curtailment for the aggregated system. In order to study this kind of impact, this research 
used provisional microgrids because most of their DERs are grid-following (e.g. wind 
turbines and PVs).  
The proposed model is able to optimally schedule the generations, loads, and local 
power exchange to assure the supply-demand balance and at the same time minimize the 
operations costs of the holonic grid system. However, because of the limited power 
generation and the length of outage time, there is load curtailment for less need and less 
critical loads. 
Due to the fact that holonic grid systems allow the participating microgrids and 
provisional microgrids to share power through system connections by importing needed 
power or exporting excess power optimally. There is increased benefit with the 
aggregated system in terms of economic savings and improved system resiliency. This 
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could lead to increased installation and use of renewable DERs, which will also have 
positive environmental impacts.  
In non-islanded mode (utility grid connected), all microgrids and provisional 
microgrids exchange their power with the utility grid, even with their interconnection 
through the holonic grid system. Exchanging power with the utility grid is more 
beneficial because the utility grid can buy and sell power at almost any time of day. In 
addition, the utility grid has the ability to buy and sell power in any quantity. 
Furthermore, the utility grid offers higher prices. Finally, the utility grid is considered an 
infinite bus, meaning frequency and voltage are mostly stable and not affected by the 
power exchange between the microgrids and provisional microgrids. 
3.1.  Problem Formulation 
The objective of this model is to find the optimal schedule of connected 
microgrids and provisional microgrids, as well as their respective energy exchange, in the 
holonic grid system that ensures the minimum operations costs for the aggregated system, 
as shown in (1).  
. .
,
min ( ( )) Gmits mits GForm mits GFollow mnt mnts mt mts
m M t T s K i G n M n m
F P P U P LS − −
     
 
+ + + 
 
         (1) 
The first term in the objective denotes the cost of all dispatchable DERs. It is 
computed by multiplying the generation quantity by the dispatchable unit’s marginal 
generation cost. The generation quantity of nondispatchable DERs is computed as the 
forecasted amount of energy based on the unit characteristics and historical data. 
Subsequently, nondispatchable DERs are addressed in the objective as a constant 
quantity. The connection state (U) shows that the holonic grid is connected (there are 
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power exchange in the holonic grids system) (U=1) or if it’s not connected (there are no 
power exchange in the holonic grids system) (U=0). The second term in the objective 
represents the power exchange in the holonic grid that can be positive or negative (when 
export power to other holonic grids part or import power from other holonic grids part). 
Third and the last term is showing the cost of reliability by multiplying the quantity of 
curtailed loads by the (VoLL).  
The power balance equation that keep the supply and demand balanced at all 
times is represented by (2): 
R M,
0                , ,Gmits mnts mts mts
i n n m
P P LS D m t s
  
 
+ + − =    
 
                                (2) 
This constraint keeps supply-demand balanced to prevent the frequency/voltage 
fluctuation. Moreover, it includes: 
•  The aggregated generation of dispatchable and nondispatchable DERs. 
• All battery storage energy systems (BESS). 
• The holonic grid local power exchange. 
• Load curtailment for the system, which will make the optimal solution feasible in 
Case 2, where there is a power exchange in the holonic grid system.  
• Total load demand for the system which has a negative value.  
The total summation for this load balance equation have to be zero.  
  The equations (3)-(7) represents constraints associated with dispatchable DERs. 
The maximum and minimum generation limits for DERs are shown in (3), where DER 
power output has to be equal or more than the minimum generation and equal or less than 
the maximum generation of the DERs.  
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min max , G, ,mi mit mits mi mitP I P P I m i t s               (3) 
DERs ramping up limits are shown in constraint (4), and DERs ramping down limits are 
shown in constraint (5) 
( 1)      , G, ,mits mi t s miP P UR m i t s−−                               (4) 
( 1)       , G, ,mi t s mits iP P DR m i t s− −                                (5) 
Dispatchable DERs have to be on/off for a certain time, (6) and (7) represent the 
minimum ON time and minimum OFF time for the DERs. 
on
( 1)( )                      , G, , 0mi mi mit mi tT UT I I m i t s− −     =         (6) 
off
( 1)( )                      , G, , 0mi mi mi t mitT DT I I m i t s− −     =                (7) 
The restriction of maximum and minimum rated power limits for charging and 
discharging BESS units are satisfied by (8) and (9). 
dch,max ch,min                        , S, ,mits mit mit mit mitP P u P v m i t s −              (8) 
dch,min ch,max                        , S, ,mits mit mit mit mitP P u P v m i t s −              (9) 
The stored amount of energy in the BESS units is calculated based on the quantity of 
charging or discharging power with the consideration of storage efficiency (90% used in 
the model) as shown in (10). 
( 1)                         , S, ,
mits mit
mits mi t s mits mit
i
P u
C C P v m i t s



−= − −             (10) 
Constraint (11) is to prevent stored energy in BESS units from exceeding the associated 
capacity limits. 
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min max                    , S, ,mi mits miC C C m i t s             (11) 
The minimum charge/discharge successive time limits of BESS units are shown in (12) 
and (13). 
ch
( 1)( )                     , S, , 0mi mi mit mi tT MC u u m i t s− −     =       (12) 
dch
( 1)( )                     , S, , 0mi mi mit mi tT MD v v m i t s− −     =       (13) 
Constraint (14) is to satisfy that BESS is operating on only one mode (charging or 
discharging) at each time. 
1 , S, , 0mits mitsu v m i t s+      =         (14) 
To be able to manage the adjustable load operations, (15), (16), and (17) are needed. 
Beginning with (15), which satisfies the adjustable load maximum and minimum limits 
of rated power.  
min max
A                           , D , ,mdt mdt mdts mdt mdtD z D D z m d t s             (15) 
The amount of energy needed to accomplish the operating cycle for each adjustable load 
when it is switched to ON is shown in (16). 
A
[ , ]
                        , D ,
d d
mdts mdD E m d s
 
=            (16) 
Some of the adjustable loads are subject to minimum ON time, to satisfy that there is 
(17). 
on
( 1) A( )                          , D , , 0md md mdt md tT MU z z m d t s− −     =       (17) 
To obtain the greatest economic and reliability benefits for holonic grid systems, it is 
necessary to find the optimum connections between microgrids and provisional 
microgrids through the holonic grid system. That is satisfied in the following constraints. 
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Constraint (18) presents the limitation of the tie-lines capacity, which is considered when 
there is power exchange among the holonic grids. 
,max ,max                         , , ,G G Gmn mnts mnts mn mntsP w P P w m n t s−              (18) 
(19) is for ensure that the power provided by microgrid (m/n) is received by microgrid 
(n/m).  
0                 , , ,G Gmnts nmtsP P m n t s+ =            (19) 
As explained in [24], provisional microgrid must be connected (coupled) with at least one 
or more microgrid when the islanded mode occurs. Constraint (20) maintains and 
guarantees this connection (coupling) among the holonic grids system.  
C
P
M
1                     M , ,mnts
n
w m t s

            (20) 
For the sake of simplification, the power losses among the tie-lines in the holonic grids 
system are neglected.  
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CHAPTER FOUR: NUMERICAL SIMULATIONS 
The model is applied to a holonic grid system that consists of two microgrids, 
MG1 and MG 2; and, three provisional microgrids, PMG A, PMG B, and PMG C. Two 
of the provisional microgrids, PMG A and PMG C, have only grid-following DERs. This 
allows the model to investigate the impact of grid-forming and grid-following DERs on 
the resilience of holonic grid operations. The model has two cases where each case has 12 
scenarios. Case 1 represents microgrids and provisional microgrids as not connected to 
each other and working as individual power systems. In the second case, microgrids and 
provisional microgrids are presented as connected together in one holonic grid system. 
These two cases show how the system is affected by losing the power produced by grid-
following DERs. In case 2, the holonic Figure 4.1 shows Case 1 and Figure 4.7 shows 
Case 2. 
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Figure 4.1.  Studied holonic grids system Case 1 
Table 4.1 shows the characteristics of dispatchable units taken from [49]. The 
power quantity that is exchanged through the interconnection system of the holonic grid 
is assumed to be $100/MWh. The tie-lines for all interconnections in the holonic grids are 
assumed to have a maximum capacity of 2 MW. 
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Table 4.1. Dispatchable units 
  
  
  
Unit 
  
Cost 
Coefficient 
($/MWh) 
Min-Max 
Capacity 
(MW) 
Min 
Up/Down 
Time (h) 
Ramp Up/ 
Down Rate 
(MW/h) 
 MG1  
Gl 27.7 1-5 3 2.5 
G2 39.1 1-5 3 2.5 
G3 61.3 0.8-3 1 3 
G4 65.6 0.8-3 1 3 
 MG2 
Gl 30.9 1-2 4 1 
G2 45.7 0.5-2 4 2 
G3 73.5 0.5 -1 2 1 
G4 78.4 1-3 3 1.5 
  
Table 4.2 shows all values for nondispatchable unit generation for each hour over 24 
hours, as taken from [49]. 
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Table 4.2: Nondispatchable Units Generation (MW) 
Time MG 1 MG 2 PMGA PMGB PMGC Total 
1 0 0 0.95 1.9 1.13 3.98 
2 0 0 1.05 1.95 0.95 3.95 
3 0 0 1.19 1.99 0.92 4.1 
4 0 0 1.86 2.1 1.26 5.22 
5 0.63 0 1.57 2.1 1.17 5.47 
6 0.8 0 0.91 2.2 0.97 4.88 
7 0.62 0 0.48 2.32 0.81 4.23 
8 0.71 0.02 0.84 2.33 0.84 4.74 
9 0.68 0.08 0.64 2.47 1.43 5.3 
10 0.35 0.26 1.92 2.81 1.69 7.03 
11 0.62 0.48 1.96 2.13 1.72 6.91 
12 1.11 0.74 1.89 2.57 1.71 8.02 
13 1.21 0.92 1.79 2.21 1.68 7.81 
14 1.57 0.99 3.27 2 1.31 9.14 
15 1.23 0.97 3.21 2.13 1.41 8.95 
16 1.28 0.91 3.12 1.71 1.31 8.33 
17 1.05 0.83 3.38 1.6 1.15 8.01 
18 0.82 0.72 3.35 1.31 1.09 7.29 
19 0.71 0.45 2.11 1.03 1.34 5.64 
20 0.92 0.12 2.25 1.51 1.47 6.27 
21 0.57 0 1.18 1.23 1.24 4.22 
22 0.6 0 0.99 1.01 1.51 4.11 
23 0 0 1.06 1.88 0.93 3.87 
24 0 0 0.91 1.64 0.89 3.44 
Total 15.48 7.49 41.88 46.13 29.93 140.91 
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Figure 4.2. Comparison between the nondispatchable power generations and fixed loads 
for the aggregated system. 
 
The characteristics of a battery energy storage system are presented on Table 4.3. 
The BESS efficiency is set to be 90%. Subsequently, Table 4.4 presents the adjustable 
loads taken from [49]. 
Table 4.3. BESS characteristics 
 Capacity 
(MWh) 
Min.-Max. 
Charging/Discharging     
(MW per hour) 
Min. Charging/Discharging 
Time (h) 
MG 1 10 0.4 – 2 6 
MG 2 5 0.2 – 1 6 
PMG B 2.5 0.1-0.5 6 
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Table 4.4.  Adjustable loads 
 Load 
Type 
S: Shiftable 
C: Curtailable 
Min-Max 
Capacity 
(MW) 
Required 
Energy 
(MWh) 
Required 
Start-End 
Time (h) 
Min Up Time 
(h) 
MG 1 
L1 S 0 – 0.4 1.6 11–15 1 
L2 S 0 – 0.4 1.6 15–19 1 
L3 S 0.02 – 0.8 2.4 16–18 1 
L4 S 0.02 – 0.8 2.4 14–22 1 
L5 C 1.8 – 2 47 1–24 24 
MG 2 
L1 S 0 – 0.4 1.6 12–16 1 
L2 S 0.02 – 0.8 2.4 15–23 1 
L3 C 1.8 – 2 47 1–24 24 
PMG B 
L1 S 0 – 0.4 1.6 4–6 1 
L2 S 0.02 – 0.8 2.4 10–13 1 
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Table 4.5. Total fixed loads (MW) 
Time MG1 MG2 PMGA PMGB MPGC Total 
1 8.73 6.2 1.09 1.29 1.17 18.5 
2 8.54 6.19 1.12 1.16 1.51 18.5 
3 8.47 6.07 1.83 1.34 1.82 19.5 
4 9.03 5.91 1.95 1.79 1.29 20 
5 8.79 4.43 1.61 1.99 1.19 18 
6 8.81 4.79 1.86 2.11 1.74 19.3 
7 10.12 5.09 2.57 2.84 1.84 22.5 
8 10.93 4.75 2.95 2.99 1.85 23.5 
9 11.19 4.93 2.87 2.93 1.47 23.4 
10 11.78 5.69 1.98 2.89 1.72 24.1 
11 12.08 4.91 2.05 2.81 1.74 23.6 
12 12.13 5.79 3.97 2.98 2.81 27.7 
13 13.92 6.92 3.99 2.71 3.49 31 
14 15.27 7.81 3.37 2.65 3.24 32.3 
15 15.36 8.09 4.41 2.82 3.11 33.8 
16 15.69 8.08 5.39 1.73 2.64 33.5 
17 16.13 7.07 3.42 1.85 2.06 30.5 
18 16.14 6.41 3.39 1.91 2.01 29.9 
19 15.56 5.46 3.26 2.33 2.31 28.9 
20 15.51 5.27 2.28 2.01 2.41 27.5 
21 14 6.01 3.46 2.71 2.06 28.2 
22 13.03 6.43 3.14 2.62 1.51 26.7 
23 9.82 7.15 1.16 2.91 1.33 22.4 
24 9.45 7.12 1.14 1.64 1.36 20.7 
Total 290.5 146.6 64.3 55 47.7 604 
 
Note: The islanded mode scenarios cover an entire day (24 hours). This is so that the 
model can calculate all system possibilities to find the optimal solution. Table 4.6 
presents an example for Scenario 12 where is there an outage for 12 hours. The horizontal 
rows show the scenario number and the vertical column shows the time of day. Islanded 
mode = 0 and grid connected = 1.  
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Table 4.6. Scenarios and hours for 12 hours of islanding mode 
  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 
10 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 
12 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 
13 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 
14 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 
15 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 
16 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 
17 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 
18 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 
19 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 
20 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 
21 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 
22 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 
23 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 
24 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
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As previously mentioned, there are many existing methods for studying and 
estimating VoLL. Each of these is driven by a variety of specific factors. However, all 
these methods and studies are in agreement about one fact: Any lost load has a value. 
Moreover, most studies agree that VoLL increases when outage duration increases. This 
means that the VoLL curve has a rising pattern that coincides with outage duration. In 
this thesis the VoLL is directly proportional to the duration of the outage duration. The 
amount of the VoLL used is borrowed from [25]. 
Table 4.7. Used value of lost load (VoLL) 
Total Hours of outage (h) 1 4 12 24 
VoLL ($/MWh) 1,800 4,886 12,730 22,245 
Note: Source [25] 
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Figure 4.3. VoLL with respect to outage duration 
The problem is formulated as a mixed-integer programing (MIP) and solved by a 
General Algebraic Modeling System (GAMS), using CPLEX 12.10 [58]. Two cases are 
studied as follows: 
4.1.  Case 1: Ignoring Internal Energy Exchange 
In this case, there is no energy exchange among the holonic grids, which means 
that each microgrid and provisional microgrid are dependent on their individual power 
generations. In this case, the microgrids cannot export/sell excess power to other 
microgrids or provisional microgrids. Meanwhile, the provisional microgrids will face a 
challenge to supply their own loads. In particular, the provisional microgrids that have 
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only grid-following DERs could have full load curtailment because they cannot be a 
power source in islanded mode. The operation costs in Case 1 for the holonic grids for all 
outage hours are: PMG A - $1196, PMG B - $596, PMG C - $1119, MG 1 - $11775, and 
MG 2 - $7515.  
 
Figure 4.4.  Operation cost for Case Study 1 
As Case 1 has no interconnection and there is no ability for power exchange, the 
high load curtailment is expected. Provisional microgrids that have only grid-following 
DERs are susceptible to having the greatest load curtailments, while microgrids and 
provisional microgrids that have grid-forming DERs have no or fewer load curtailments, 
as shown in Figure 4.5. 
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Figure 4.5.  Case 1 load curtailments for all scenarios  
In the first scenario, where the outage duration is one hour, the load curtailment 
for all scenarios increases in PMG A (64.26 MW) and PMG C (47.68 MW), because they 
only have grid-following DERs. Meanwhile, MG 1 and MG 2 have no load curtailment, 
because one of the advantages of microgrids is the ability to operate in both grid-
connected and islanded modes. In addition, PMG B has less load curtailment (11.44 
MW), because PMG B has a BESS that converts PMG B DERs from grid-following to 
grid-forming.  
Second scenario, where the outage duration is two hours, the load curtailment for 
all scenarios increases in PMG A (128.52 MW) and PMG C (95.36 MW), because they 
only have grid-following DERs as mentioned. MG 1 and MG 2 have no load curtailment 
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as well as they have in first scenario. PMG B has (22.88 MW) load curtailment, since its 
own BESS still produced energy. That increases the load curtailment for PMG A, PMG 
B, and PMG C by 50%.  
Looking at Scenario 6, where the outage duration is six hours, the PMG A still 
has the full load curtailment (385.56 MW) as does PMG C (286.08 MW). MG 1 and 
MG2 still have no load curtailment, where PMG B has (68.64 MW) load curtailment. 
Comparing scenario 6 with first scenario the increases for load curtailment for PMG A, 
PMG B, and PMG C by 83%.  
At the last scenario, where the outage duration is twelve hours, the PMG A still 
has the full load curtailment (771.12 MW) as does PMG C (572.16 MW). MG 1 and 
MG2 still have no load curtailment, where PMG B is starting to have increased load 
curtailment (173.28MW). This is due to the fact that the BESS for the PMG B is fully 
discharged. Comparing scenario 12 with first scenario the increases for load curtailment 
for PMG A and PMG C by 91.6%, while it is 93.3% in PMG B. 
 Higher load curtailment resulted higher load curtailment cost. As the relationship 
between VoLL and the length of outage duration is direct, that results, and exponential 
load curtailment cost as shown in Figure 4.6. 
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Figure 4.6. Case 1 load curtailment costs for all scenarios  
4.2. Case 2: Interconnected Holonic Grids 
In this case, there is interconnection in the holonic grid system as shown in Figure 
4.7, which means that each microgrid and provisional microgrid is able to exchange 
power generations through the system. The model computes the optimum power 
exchange between all microgrids and provisional microgrids for each scenario. 
$0
$1,000,000
$2,000,000
$3,000,000
$4,000,000
$5,000,000
$6,000,000
1 2 3 4 5 6 7 8 9 10 11 12
$
Islanding Duration (hr)
Case (1) Load Curtailment Cost for all Scenarios ($)
PMG A
PMG B
PMG C
MG 1
MG 2
50 
 
 
Figure 4.7. Case 2 studied holonic grids system.  
  In this case, the microgrids export/sell the excess power to other microgrids or 
provisional microgrids that import/buy needed power to avoid load curtailment. That 
maximizes the benefits for the aggregated system economically and will improve the 
system resilience. At the same time, the provisional microgrids that have grid-following 
DERs are able to contribute and generate power benefiting from the holonic grids 
integration. The operation costs in Case 2 for the holonic grids in all scenarios are shown 
on Table 4.8. 
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Table 4.8.  Case 2 operations cost for all scenarios 
  1 2 3 4 5 6 
PMG A 3243 5283 7303 9127 10666 12363 
PMG B 1602 2594 3578 4547 5491 6060 
PMG C 2820 4439 6070 7453 8903 10231 
MG 1 9133 6239 3077 278 -2013 -4272 
MG 2 5645 3888 2417 1007 -636 -1983  
7 8 9 10 11 12 
PMG A 13416 14781 15433 16953 18346 19548 
PMG B 6866 7271 8483 9188 9316 10243 
PMG C 11410 12306 13589 14514 15654 16571 
MG 1 -5902 -7888 -9527 -12003 -13464 -15485 
MG 2 -3392 -4079 -5585 -6248 -7442 -8466 
 
In particular, the increase to operations costs for PMG A, PMG B, and PMG C 
and the decrease in operations costs for MG 1 and MG 2 are notable. This is because of 
the power exchange that limits the load curtailment for PMG A, PMG B, and PMG C and 
benefits the MG 1 and MG 2. 
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Figure 4.8.  Operations costs for Case 2 
Because of the advantages that holonic grids deliver, the operations cost at 
Scenario 5, where outage duration is five hours, starts to show some economic benefits 
for MG 1 and MG 2. At the same time, the PMG A, PMG B, and PMG C have significant 
improvement to their load curtailment, as shown in Figure 4.9. This improvement 
continues up to Scenario 12.  
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Figure 4.9.  Case 2 load curtailments 
In first scenario when there is only one outage hour, the load curtailment in PMG 
A (1.92 MW) and PMG C (0.74 MW), this is because they are connected to the holonic 
grid system which allows sharing their power generated from the grid-following DERs. 
Meanwhile, MG 1 and MG 2 have no load curtailment and start to export/sell small 
amounts to the rest of the holonic grid system. In addition, and because it has BESS, 
PMG B has no load curtailment, even though it is a provisional microgrid. 
Second scenario where the outage duration is two hours, the load curtailment 
increases only in PMG A (1.92 MW) and PMG C (0.74 MW), this is because they are 
connected to the holonic grid system which allows sharing their power generated from 
the grid-following DERs. Compare these increases with the first scenario, PMG A has 
51% and PMG C has 67% increasing in load curtailment. MG 1, MG 2, and PMG B have 
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no load curtailment as the first scenario. They keep export/sell energy to the rest of the 
holonic grid system. 
In Scenario 6, where the outage duration is six hours, PMG A has load 
curtailment (22.62 MW) and PMG C (15.35 MW). MG 1 and MG2 have no load 
curtailment, and PMG B starts to have increased load curtailment (5.22 MW). That is 
because the BESS for PMG B is fully discharged 
Last is Scenario 12, where the outage duration is twelve hours, PMG A has load 
curtailment (85.05 MW) and PMG C (58.48 MW). MG 1 and MG2 have no load 
curtailment, and PMG B starts to have increased load curtailment (24.43 MW). That is 
because the BESS for PMG B is fully discharged. The increases of load curtailment if 
compared with scenario 6 for PMG A is 73.4%, PMG B 78.6%, and PMG C 73.7%. 
The cost of load curtailment in Case 2 is much less than that of Case 1. Instead of 
paying the high and costly VoLL, sharing the power thru the holonic grid provides global 
benefit for all system contributors. Knowing that the cost of exchanging 1 MW thru the 
holonic grid system will cost $100 while the cost of VoLL varies from $1,800 per MW to 
$12,000 per MW. Figure 4.10 shows the load curtailment cost for Case 2. 
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Figure 4.10. Case 2 cost of load curtailments 
The proposed model works to ensure the maximum economic benefit and the 
minimum load curtailment for the aggregated system by finding the optimal power 
exchange among the holonic grids. The model generated 288 optimal 
connections/reorganization among the holonic grid for all scenarios and possibilities. For 
example, taking a close look at Scenario 1 for Case 2 where there is one hour of outage, 
there are 24 possible outage times over \the whole day. Taking the first possible outage 
that occurred at the first hour, the model shows what is the optimal connection for the 
holonic grids. Figures 4.11, 4.12, and 4.13 shows variety of optimal 
connections/reorganizations for the holonic grid and the quantity of power exchange in 
the system.  
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Figure 4.11. Holonic grid optimal decision Case 2, Scenario 1 and first possibility 
 
  
Figure 4.12. Holonic grid optimal decision Case 2, Scenario 2 and first possibility. 
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Figure 4.13. Holonic grid optimal decision Case 2, Scenario 6 and first possibility 
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Table 4.9. Comparison of Case 1 and Case 2 
Islanding 
Duration 
Average     
LC(MW)  
Cost ($) 
Case (2) Case (1) Difference 
Percentage 
Reduction 
(%) 
1 
LC (MW) 0.11 5.14 5.03 98%   ▼ 
Cost ($) 199.50 9253.50 9054.00 98%   ▼ 
2 
LC (MW) 0.26 10.28 10.02 97%   ▼ 
Cost ($) 575.83 23647.83 23072.00 98%   ▼ 
3 
LC (MW) 0.42 15.42 15.00 97%   ▼ 
Cost ($) 1123.67 43183.00 42059.33 97%   ▼ 
4 
LC (MW) 0.78 20.56 19.79 96%   ▼ 
Cost ($) 2235.58 67859.00 65623.42 97%   ▼ 
5 
LC (MW) 1.23 25.70 24.48 95%   ▼ 
Cost ($) 3997.92 97675.83 93677.92 96%   ▼ 
6 
LC (MW) 1.80 30.85 29.04 94%   ▼ 
Cost ($) 6834.08 132633.50 125799.42 95%   ▼ 
7 
LC (MW) 2.64 36.86 34.23 93%   ▼ 
Cost ($) 11398.33 176932.00 165533.67 94%   ▼ 
8 
LC (MW) 3.62 42.13 38.51 91%   ▼ 
Cost ($) 17172.75 223271.33 206098.58 92%   ▼ 
9 
LC (MW) 4.41 47.39 42.98 91%   ▼ 
Cost ($) 23137.92 274876.50 251738.58 92%   ▼ 
10 
LC (MW) 5.21 52.66 47.45 90%   ▼ 
Cost ($) 29884.25 331484.21 301599.96 91%   ▼ 
11 
LC (MW) 6.20 57.92 51.73 89%   ▼ 
Cost ($) 37387.25 393357.75 355970.50 90%   ▼ 
12 
LC (MW) 7.00 63.19 56.19 89%   ▼ 
Cost ($) 45605.15 460497.13 414891.98 90%   ▼ 
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The comparison presented on Table 4.9 shows the huge improvement between 
Case 1 and Case 2. The improvement at Scenario 1 is 98%, which is a significant 
improvement that shows the importance and value of holonic grids. The grid-following 
and grid-forming DERs play a big role on improving the resiliency of connected holonic 
grids. However, the aggregated system improvement decreases relative to outage 
duration, because the long outage duration drains BESS energy. Thus, this causes 
microgrids to keep their power to supply their own loads to prevent any possible load 
curtailment. Figure 4.12 presents a comparison of the load curtailment in Case 1 and Case 
2; and, Figure 4.13 compares the load curtailment cost in Case 1 and Case 2.  
 
Figure 4.14. Load curtailment in Case 1 and Case 2  
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Figure 4.15. Load curtailment cost in Case 1 and Case 2  
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CHAPTER FIVE: CONCLUSION 
 
5.1.  Conclusion 
 
This thesis investigates the roles grid-forming and grid-following DERs in a 
holonic grid. The sample holonic grid used for this research consisted of a mix of 
microgrids and provisional microgrids. To study the grid-forming and grid-following 
DERs impacts a resilience-oriented holonic grid optimal operation model is proposed. 
Furthermore, applied a VoLL that increases cost of lost load when the outage duration 
increases. During islanded mode the holonic grid has an interconnected system that 
allows energy exchange. The research found that there are huge load curtailments for the 
system precisely at PMGs that use only grid-following DERs. Moreover, it was found 
that the excess power of the microgrids is not used because since there is no 
interconnection, these MGs cannot export/sell their extra power for economic benefit.  
Once the holonic grid is able to exchange energy, the research shows how load 
curtailments are improved significantly. A significant improvement of load curtailments 
reduction between (89%) and (98). When the holonic grid exchange energy and allows 
the MGs that have excess energy to export/sell it to other microgrids and provisional 
microgrids, that results in a tremendous economic benefit for the aggregated system 
between (90%) and (98%). However, with longer outage durations, the power exchange 
starts to be less, because the MGs and PMGs keeps their own energy to supply their own 
loads. Thus, the economic benefits and the improvement to load curtailments decreases. 
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5.2.  Future Research 
In the future, the work will be to design a resilience-oriented holonic grid optimal 
operation model. The proposed study considered an operation problem (short-term). 
Future efforts can focus on designing a holonic grid (long-term) and identifying what 
resources/microgrids need to be considered in that grid for cost-effective, reliable, and 
resilient operation. This would include consideration of all affective factors, such as: cost 
of tie-lines installation, energy exchange losses, excess install power, and the like.  
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